A new sensing molecule containing aza-15-crown-5 as a receptor and 4-(phenyldiazenyl)naphthalen-1-ol as a signal converter has been synthesized. In the free ligand, the hydrogen bonding between the tautomeric OH group and the nitrogen atom from the macrocycle fully shifts the tautomeric equilibrium towards the enol form. The complexation reverses the equilibrium as a result of the strong interaction between the metal ion captured in the macrocyclic moiety and the tautomeric carbonyl group. The complex formation is accompanied by strong bathochromic (between 60 and 100 nm) and hyperchromic effects on the absorption spectra. Obviously, the tautomeric OH/C]O groups play the role of an active side-arm in the complexation, supporting it via formation of a 3D cavity and giving possibility for ejection of the guest compound under stimuli to shift the tautomeric process back.
Introduction
Intelligent molecules, the structures and properties of which are facilely and reversibly changeable by the application of external physical and chemical stimuli, have attracted much recent attention relative to the development of new molecule-based devices. 1 Design of artificial receptors for monitoring biologically and environmentally important ionic species in solutions, especially heavy and transition metal cations, is currently of great importance. 2e12 The most common types of chemosensors consist of two components: a signaling unit and a receptor linked directly or via a spacer. 13e16 Among the broad variety of species with complexing ability, crown and aza-crown ethers have been approved as efficient selective receptors in chemosensors. 17e29 In general, their complexing ability and selectivity for metal ions can be varied by changing certain parameters such as the availability and acidity of the passive phenolic OH side-arm; the size of the crown ether ring;
type, number and position of the complexing crown ether heteroatoms; the stereochemistry imposed by the arms, which connect the phenolic group to the macrocycle; and the pH of media. 30, 31 At the same time, the azo compounds are among the most widely examined colouring and signaling systems due to their optical stability.
32e39
The new concept of our study is to build a tautomeric switch, where a directed shift in the position of the tautomeric equilibrium can be governed by hydrogen bonding between the tautomeric OH group and the nitrogen atom in aza-crown ether in the free ligand and by the interaction between the tautomeric carbonyl oxygen and the complexated metal ion. Switching from one to the other tautomeric form under complexation gives sharp and fast changes in the optical properties. The tautomeric OH and C]O groups play the role of an active side-arm in the complexation, supporting it via formation of a 3D cavity and giving possibility for ejection of the guest compound under stimuli to shift the tautomeric process back. The practical applicability of this promising idea was recently proven by us on a model compound possessing a piperidine receptor unit. 40 In this paper, we report on the synthesis and spectral properties of a compound with an aza-15-crown-5 fragment tethered to 4-(phenyldiazenyl)naphthalen-1-ol. To our best knowledge, this is the first example of an active side-arm containing chemosensor with significant bathochromic and hyperchromic effects on the absorption maximum upon protonation or complexation.
Results and discussion
The target tautocrown 3 was obtained from naphthalen-1-ol 1 by applying diazo coupling/Mannich reaction sequence (Scheme 1), which was established as the only reasonable way to convert 1 into 3. The first step was carried out by following a standard procedure and the product 2 was further used without chromatography purification. The incorporation of the aza-crown fragment was achieved by p-toluenesulfonic acid catalyzed Mannich reaction in good overall yield. When performing the synthesis via the reversed sequence, the intermediate naphthalene-1-ol possessing an azacrown side-chain decomposed during the diazo coupling resulting in a very complicated mixture.
Quite surprisingly, when aq K 2 CO 3 solution was used during the work-up instead of deionized water, the product was isolated as a red crystalline compound possessing unusually high melting point (230e231 C) and absorption maximum at 518 nm. The latter was identified as a sodium complex (2:2) of the keto form (3KeNa) by NMR and X-ray analyses (Fig. 1) . 41 This fact shows that the ligand binds sodium strongly enough to trap the negligible amount of sodium impurity in potassium carbonate.
The complex 3KeNa was converted into 3 by treating a CH 3 CN solution with aq ammonia followed by extraction with cyclohexane (Scheme 2).
The tautomeric signal converter, 4-(phenyldiazenyl)naphthalen-1-ol (2), is well known since the 19th century as one of the first tautomeric compounds discovered. 42 As a result of the moderate energy gap between the enol (E) and the keto (K) tautomeric forms, the tautomeric equilibrium (Scheme 2) can be easily shifted in one or another direction by changing the solvent or/and the temperature. However, this equilibrium has never been shifted fully to one of the tautomers. This energy gap, as predicted by the quantum-chemical calculations, is appr. 1.5 kcal/mol, which corresponds to appr. 8% (in cyclohexane) or 10% (in methylcycloxehane/toluene) of the keto tautomer (Fig. 2) . 24, 43 According to the calculations, shown in Figure 2 , the implementation of an aza-15-crown-5 moiety could lead to stabilization of the enol form through hydrogen bonding between the OH group and the macrocyclic nitrogen. The complexation could fully reverse the equilibrium towards the keto form.
A comparison between the absorption spectra of 2 and 3 shows that the tautomeric equilibrium in 3 is fully shifted towards the enol form, displaying only a band at appr. 410 nm (Fig. 3) . In contrast, in the case of 2, the equilibrium is strongly solvent dependent and bands belonging to both tautomers (at 410 nm for the enol form and at 480 nm for the keto tautomer, the latter is strongly solvent dependent) are always observed independing on the solvent. (ii) (HCHO) n , p-toluenesulphonic acid, 1-aza-15-crown-5, benzene, 47% overall yield.
Scheme 2. Tautomeric interconversion in 2 and between 3 and 3KeNa.
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The absorption spectra of 3 in dry acetonitrile upon addition of LiClO 4 are shown in Figure 3 . It is clear that the tautomeric equilibrium is shifted towards the keto tautomer as a result of a complexation, providing substantial red shift (71 nm) and increased intensity of the new maximum at 486 nm. Consequently, the new ligand exploits the tautomeric proton exchange in the signal conversion.
The complexation abilities of 3 towards some alkali and alkaline earth metal ions were studied and the obtained spectra of the final complexes are given in Figure 4 , indicating the reached maximal concentrations of the corresponding salts (determined by their solubility in dry acetonitrile). It was observed that upon stepwise addition of the metal salts the spectral behaviour in the case of alkali metal ions differs from that in alkaline earth ones. In the case of LiClO 4 and NaClO 4 addition 1:1 complex formation was assumed due to the rise of single new band (Fig. 3) , corresponding to the shift of the tautomeric equilibrium towards the keto tautomer. 40 In the case of Mg(ClO 4 ) 2 and Ca(ClO 4 ) 2 an absorption maximum corresponding to the 1:1 complex was observed initially (Fig. 5) . Upon further addition of the salt a new red shifted band appeared, corresponding to 2:2 complex. Upon addition of Ba(ClO 4 ) 2 directly 2:2 complex was observed. At these conditions it was impossible to determine the stability constants of the 1:1 complexes of magnesium, calcium and barium complexes.
It is interesting to mention that in all salts used (except Ba (ClO 4 ) 2 ) the formation of 1:1 complex leads to spectral shift of appr. 70 nm, which corresponds to the appearance of the keto tautomer. This means that the metal ion interacts with the C]O group and stabilizes 3K form. Further addition of the metal ion causes in the case of alkaline earth metal ions an easy shift of the process to 2:2 complex. In the case of Na þ this happens under very high excess of the metal salt and never occurs in the case of Li þ addition.
The estimated stability constants and the absorption spectra maxima of the complexes are collected in Table 1 . As seen, the 44 where the macrocycle is conjugated to the chromophore system. At the same time, the differences in the stability constants in 3 in respect of the cation are not as profound as in 4 (Table 2) . For instance, 3 shows strong complexation with Li þ and Mg 2þ , which does not fit well with the size of the aza-15-crown-5
ether cavity. The difference in the complexation of 4 with Ca 2þ and Ba 2þ is one order of magnitude, while the corresponding stability constants are very similar in 3. A possible explanation could be found in the action of the active side-arm (the carbonyl group), which allows the existence of two metal capturing motifs: small (tautomeric carbonyl group, macrocyclic nitrogen and some of the neighbouring macrocyclic oxygens) and large (tautomeric carbonyl group and the whole aza-crown). The small capturing moiety allows complexation with small atoms like magnesium and lithium, behaviour, which is not typical for aza-15-crown-5. This conclusion is supported by the observed negligible complexation with alkali metal ions of the model analogue of 3 possessing a piperidine fragment instead of aza-15-crown-5. 40 The large complexation motif allows strong complexation with large atoms, but reduces the selectivity, because the lack of size fit effect (size of the aza-crown/ size of the metal ion) is compensated by the strong side-arm support. However, as seen from Figure 4 and Table 1 , the difference in the spectral maxima of the complexes allows detection of each of the studied cations.
It is interesting to compare the complexation ability of 3 with those of 4e8, where the aza-15-crown-5 functionality is used. If we consider 5 as a pure example of an aza-15-crown-5 macrocycle, compound 6 is an example with a methoxy passive side-arm, which increases the complexation ability by one order of magnitude. As seen, the values, which we obtained for 3 are similar for Na þ . Compounds 7 and 8 possessing a carbonyl side group give substantial values of the stability constants for 1:1 complexes. The reasons, which lead to formation of 2:2 complexes in the case of 3 remain unknown, but the X-ray crystallographic data for 3KeNa clearly show that the tautomeric carbonyl group interacts with Na þ in a similar way as in 7 and 8.
The possible explanation for the lower strength of the C]O group in 3 comparing to 7 is the structure of the chromophore unit. Compound 7 contains a structure with clearly defined electron-donative and electron-withdrawing parts and the electron-withdrawing character of the carbonyl group is reinforced by the cation upon complexation. In the case of 3 the donative nature of the tautomeric eNHe group is reduced by the surrounding substituents, which influences the complexation ability of the C]O part. Obviously the simple charge transfer mechanism cannot explain the large red shift in 3KeMedcharge transfer in 7 and proton transfer in 3 lead to difference in the red spectral shiftdfrom 57 nm in 7 46 to 107 nm in 3 (both for the magnesium complex). This shows clearly how the idea proposed by us could lead to design of new sensing molecules using the tautomeric proton transfer chromophore units as signal converters. In summary, we report herein on the design and synthesis of an aza-15-crown-5-containing sensing molecule with an active side-arm based on tautomeric proton exchange, which provides enhanced complexation ability and substantial red shift in the absorption spectra under complexation. However, the new ligand needs improvement of the selectivity through structural modifications in the tautomeric sensing block or/and reducing the flexibility of the aza-crown ether. 
Quantum-chemical calculations
Ab initio HF/6-31G** calculations were performed at University of Basel Computer Center by using the Gaussian 03 program suite. 48 This level of theory presents an acceptable compromise between the computing costs and accordance with the experimental results. 49, 50 The well known weakness of the HF method is the neglect of electron correlation, but it is also quite common that basis set incompleteness introduces errors opposite to that, leading in some cases to fortuitously good HF results with medium basis sets. 51 The tautomeric structures shown in Figure 2 and their metal complexes were optimized without restrictions and then were characterized as true minima by vibrational frequency calculations.
Spectrophotometric titration
The absorption spectra were measured on Jasco V-570 UVevis-NIR spectrophotometer (equipped with Julabo ED thermostat) at constant temperature of 20 C. Spectral grade solvents were used (Scharlau Multisolvent).
The complexation was studied in dry acetonitrile (dried with P 2 O 5 , distilled upon CaH 2 and kept with molecular sieve). 52 were vacuum dried at 60 C from 3 to 5 days depending on the case. Due to the red shift upon complexation, the estimation of the stability constants was performed at the maximum of the complex using the final complex spectrum (Fig. 4) .
X-ray crystallographic investigations
A crystal of 3KeNa was mounted on a loop and all geometric and intensity data were taken from this crystal. Data collection using Mo Ka radiation (l¼0.71073 A) was performed at 150 K on a STOE IPDS-II diffractometer equipped with an Oxford Cryosystem open flow cryostat. 53 Absorption correction was partially integrated in the data reduction procedure. 54 The structure was solved by SIR 2004 and refined using full-matrix least-squares on F 2 with the SHELX-97 package. 55, 56 All heavy atoms could be refined anisotropically. Hydrogen atoms were introduced as fixed contributors when a residual electronic density was observed near their expected positions.
Crystal data: (3KeNa) C 29 H 38 N 3 NaO 6 , M¼547.61 g.mol
À1
, triclinic, P-1 (Nr. 2), a¼10.5837 (7) Compound 3KeNa (Fig. 1) crystallizes from a mixture of DMF and ethanol in the triclinic space group P-1. The structure consists of two units A connected via two sodium cations. Each sodium cation is heptacoordinated, five coordination sites are filled by one nitrogen and four oxygen atoms from a crown moiety of one ligand, the two other coordination sites are filled by the oxygen atoms the ketone groups of each unit A. The distances Na1eO crown are 2.458 (7), 2.607(8), 2.640(8) and 2.499(6) A, respectively, for O2, O3, O4 and O5. The Na1eN3 bond is 2.589(8) A long, while Na1eO1 and Na1eO1# are 2.353(7) and 2.301(7) A long. The two sodium cations are 3.433(5) A apart. The angle formed by O1eNa1eO1# is 84.9(3) wide, the angles N3eNa1eO1 and N3eNa1eO1# are 80.3(3) and 117.9(3) , respectively. O1 is deprotonated with a distance C14eO1 of 1.26(1) A and angles of 119.9(6) and 141.2(6) for C14eO1eNa1 and C14eO1eNa1#, respectively. The azo-group composed by atoms C1, N1, N2 and C7 is characterized by distances of 1.288(8) A for N1eN2, 1.43(1) A for C1eN1 and 1.39(1) A for C7eN2, the angles C1eN1eN2 and C7eN2eN1 are 113.1(7) and 115.2(8) and the torsion angle C1eN1eN2eC7 is À174.1 (8) , which is near the perfect conformation. This slightly distorted conformation can be explained by the presence of hydrogen bonding between N1 and O6, which is the O-atom of the ethanol molecule, and the distance O6/N1 is 2.891(9) A. The H-atom of ethanol is weakly delocalized between O6 and N1 with a distance of 1.112(7) A for O6eH6A, 1.790 (6) A for N1eH6A and 169.3(5) for the angle O6eH6AeN1.
